It has been suggested that tropical defaunation may unleash communitywide cascading effects, leading to reductions in plant diversity. However, experimental evidence establishing cause-effect relationships thereof is poor. Through a 5 year exclosure experiment, we tested the hypothesis that mammalian defaunation affects tree seedling/sapling community dynamics leading to reductions in understorey plant diversity. We established plot triplets (n ¼ 25) representing three defaunation contexts: terrestrial-mammal exclosure (TE), medium/large mammal exclosure (PE) and open access controls (C). Seedlings/saplings 30-100 cm tall were marked and identified within each of these plots and re-censused three times to record survival and recruitment. In the periods 2010-2011 and 2011-2013, survival was greater in PE than in C plots and recruitment was higher in TE plots than in C plots. Overall, seedling density increased by 61% in TE plots and 23% in PE plots, whereas it decreased by 5% in C plots. Common species highly consumed by mammals (e.g. Brosimum alicastrum and Ampelocera hottlei) increased in their abundance in TE plots. Rarefaction curves showed that species diversity decreased in TE plots from 2008 to 2013, whereas it remained similar for C plots. Given the prevalence of tropical defaunation, we posit this is an anthropogenic effect threatening the maintenance of tropical forest diversity.
Introduction
Unsustainable vertebrate overexploitation (hunting, illegal trading and poaching), combined with reductions in their natural habitat extent and connectivity have led to the proliferation of the so-called 'empty forest syndrome' throughout the tropics [1, 2] . Increasing evidence is unveiling the magnitude of the anthropogenic extirpation of vertebrates (primarily top predators and large-bodied species) from otherwise seemingly undisturbed tropical forests [2] [3] [4] and the myriad of cascading effects such defaunation can have on tropical ecosystems [5] [6] [7] [8] . For example, it is known that the loss of medium and large body-sized vertebrates reduces seed dispersal distances, especially of large-seeded plants [9, 10] . Moreover, extirpation of vertebrate seed predators and herbivores favours escape of large seeds and their seedlings from vertebrate attack [9, [11] [12] [13] . In addition, defaunation affects the role of animal trampling as a source of seedling damage and mortality [14, 15] . Some evidence, based on a reduced number of sites, plant species, and life-forms (e.g. large-seeded trees and palms) [13, 16, 17] suggests that altered patterns of seed dispersal, predation or herbivory can alter plant recruitment. For example, mammalian herbivores can disrupt plant establishment patterns in forest understories by preferentially consuming more abundant or dominant species [13, 18] , or by reducing dispersal limitation [19, 20] . Therefore, herbivore defaunation has the potential to alter understorey plant species diversity and composition [12, 21, 22] . However, recent reviews show that not only are studies assessing those effects still scant, but also that resulting effects are not consistent [6, 23] . This seems to be related, at least partly, to different methodological approaches used in the studies. In particular, a variety of settings have been used as proxies of defaunation, including forest fragments [24] , islands [25] , forests hunted at different intensities [12] and experimentally excluded plots [26] . However, in some instances, for example when using small forest fragments or islands, effects of abiotic variables can operate as confounding factors [27] . Furthermore, available studies are of variable duration, ranging from a few months [28] to several years [29] .
Very recently a few long-term (more than or equal to 3 years) studies have been undertaken using a more directly comparative methodological approach: exclosure devices, to evaluate the impact of mammalian defaunation on understorey plant communities [22, 26] . These studies have provided valuable insights on the impact of mammal defaunation on understorey plant communities; yet, the picture emerging from them is still far from complete or may even be biased, because larger herbivores (more than 8 kg) were in low abundance or missing from reference sites owing to biogeographic or anthropogenic factors [22, 26] . Moreover, the relative importance of different herbivores (e.g. rodents versus medium and larger animals) is not explored in these studies. Another important complication in studies assessing the impact of mammal defaunation on plant communities is the limited resolution regarding identification of seedlings and saplings (a significant problem in rich tropical forests) [30] . Therefore, while collectively these studies offer very valuable insights on the consequences of defaunation on plant communities, there remains an urgent need to conduct controlled long-term, experimental studies with high plantidentification resolution, to garner a more comprehensive view of the potential of herbivore mammal defaunation to impact tropical understorey plant diversity and structure.
Here, we present results of a 5 year experimental study in a tropical rainforest site in southeast Mexico, aimed at mimicking herbivore mammal defaunation by establishing exclosures in which we distinguish between the role of large-bodied mammals and small mammals (i.e. rodents). Differential defaunation (sensu [8] ) is typically observed in tropical forests, whereby human impact negatively affects medium and large species, while small mammals are not impacted or are even benefited [5, 9] . Specifically, we assess the effects of excluding terrestrial herbivore/granivore mammals on the underlying dynamics of the regenerative tree community (i.e. rates of individual seedling/sapling survival and recruitment) and the resulting impact on the structure (plant density and species diversity) of such communities. We test the predictions that: (i) exclusion of mammals will increase the survival and recruitment of tree seedlings/saplings; (ii) species that are naturally abundant in the understorey and constitute an important feeding resource for herbivore/granivore mammals (e.g. largeseeded plants and their seedlings/saplings) will be benefitted by the exclusion of mammals leading to greater plant density but lower species diversity in the understorey; (iii) terrestrialmammal exclosure (TE) plots will have greater effects than medium/large mammal exclosure (PE) plots on plant dynamics owing to the fact that TE plots combine the effect of the absence of small rodents (mainly granivores) and medium and large mammals (granivores and also browsers), and as a consequence, we expect to see a greater change in species richness and diversity in TE plots than in PE plots. Moreover, we examined whether changes in species richness and diversity among treatments were related to the increase of rare species or release of already abundant species. Given the current prevalence of anthropogenic vertebrate defaunation [8] and the characteristics of our experimental manipulations (as discussed above), our results should advance the understanding of the ecology of defaunation and be of broad significance.
Material and methods (a) Study site
The study site is the Montes Azules Biosphere Reserve (MABR) in southern Mexico. MABR covers 331 200 ha of tropical rainforest and harbours 112 mammalian species including the entire guild of understorey herbivores and granivores [31] [32] [33] [34] (electronic supplementary material, figure S1 ).
(b) Experimental design and seedling/sapling censuses
In January 2008, we established 25 clusters of three 6 Â 3 m plots (triplets) with a minimum separation of 60 m and a maximum of 4 km (mean ¼ 1.6 km). All triplets were placed away from trails and located on alluvial terraces of flat fertile soil, along the southern limit of the MABR (electronic supplementary material, figure S1 ). Within each triplet, we randomly assigned the position of the following treatments: open access to all mammals (controls ¼ C), exclosure of large but not small non-volant mammals ( partial exclosure ¼ PE) and exclosure of small and large non-volant mammals (total exclosure ¼ TE) (electronic supplementary material, text S1). We identified and marked, with aluminium tags, all tree seedling/saplings between 30 and 100 cm, located in 4 m 2 central subplots within each plot, to avoid or minimize edge effects. We re-censused all subplots in December 2010, November 2011 and January 2013, when we recorded survival of tagged individuals and identified and tagged new recruits (individuals reaching 30 cm in height). We restricted our analyses to 21 triplets that did not suffer any damage due to tree falls or floods during the course of the study.
(c) Mammal presence in the study area
We recorded presence and relative abundance of mammalian fauna in our study area through (i) track detection in sand quadrats established adjacently to the plots, (ii) camera trapping, and (iii) compilation of information resulting from independent on-site studies (electronic supplementary material, text S2).
(d) Statistical analyses
We examined baseline plant density, species richness and diversity differences among treatments at the onset of the experiment, using a one-way ANOVA. To examine changes in observed species richness and diversity (Shannon index) over time, we applied a repeated measurements linear mixed effects model with treatments and time as fixed effects and plot clusters nested within treatments as a random effect. To analyse the impact of treatments on plant survival, recruitment and density, we divided the corresponding data in three inter-census periods and fitted a Jolly -Seber open population model. This approach, successfully used in studies on seedling dynamics, accounts for tag loss, which in our case was estimated at 16% overall [30] . Spatial autocorrelation among each triplet's plant dynamics was assessed via a Mantel test, using physical distances and plant survival rates of control plots as variables. To analyse changes in plant richness and diversity within treatments between the onset and the end of the experiment, we calculated rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20142580 rarefaction curves with 95% confidence intervals for the years 2008 and 2013 based on raw plant abundance.
We conducted an analysis of covariance to examine if observed changes in plant abundance were proportional to initial abundances across treatments, or if species with an initial higher abundance were more benefited by mammal exclosure. For this analysis, we only included plant species that were present at the onset and end of the experiment in the three treatments. Additionally, we performed a contingency analysis to examine whether the relative frequency of rare and abundant species (Importance Value Index less than 1.30 and more than 2.9, respectively) changed with time. A full description of statistical analyses is given in the electronic supplementary material, text S3.
Results (a) Overall characteristics of the plant community
We tagged and followed the fate of 502 tree seedlings/saplings, 97% of which we were able to identify to species level (n ¼ 71) representing 33 families. The most common recorded species at the onset of the experiment were Brosimum alicastrum and Ampelocera hottlei, which accounted for 23% and 10% of the initially tagged plants, respectively.
Plant density, species richness and Shannon's diversity index did not differ among treatments at the onset of the experiment (F 2,60 ¼ 1.4, p ¼ 0.254; F 2,52 ¼ 2.3, p ¼ 0.106; and F 2,52 ¼ 2.7, p ¼ 0.079; respectively). Species abundance in each treatment showed similar lognormal distributions (electronic supplementary material, figure S2 ).
(b) Mammal presence in the study area
We recorded evidence of the activity of 23 mammalian species, including the most important herbivores and granivores historically known for the region: tapir, peccaries, paca, agouti and deer (electronic supplementary material, table S1). Paca and tapir were consistently the most frequent understorey mammalian herbivores across plot clusters (electronic supplementary material, figure S3 ).
(c) Effects of experimental defaunation on plant dynamics: survival, recruitment and density figure 1b) . Massive production of Vatairea lundellii fruits occurred in the year 2011 affecting one experimental triplet but ensuring that more than 60% of all new recruits belonged to this species. To assess the influence of this event on plant survival and recruitment patterns, we repeated the above described analyses excluding this species. We found that survival was no longer different between control and exclosure plots in the 2011-2013 period and we did not find any effect in terms of recruitment patterns (see the electronic supplementary material, figure S4 ).
Observed patterns of plant survival and recruitment caused density to increase during the course of the experiment by 23% in PE plots and by 61% in TE plots. By contrast, plant density was slightly reduced (by 5%) in C plots. Therefore, final density in PE and TE was, respectively, 1.5 (t 317 ¼ 61.3, p , 0.001) and 1.4 (t 315 ¼ 273.2, p , 0.001) times greater than that of C plots (figure 2). These results were not affected when excluding V. lundellii seedlings (electronic supplementary material, figure S4 ). There was a significant interaction effect of time and treatment on species richness and Shannon diversity (F 2,180 ¼ 6.6, p , 0.001; F 2,168 ¼ 7.3, p , 0.001, respectively). Species richness and diversity showed an increasing trend in the excluded plots, whereas in the control plots they remained the same (electronic supplementary material, figure S5 ). However, for a fixed number of tree seedlings/saplings, rarefied species richness (figure 3c) in TE plots was significantly lower in 2013 than in 2008 (no overlap in 95% confidence intervals). In PE plots, overlap in 95% confidence intervals was partial for rarefied species richness (figure 3b). Finally, there was a complete overlap in 95% confidence intervals in C plots (figure 3a). Diversity (Shannon Index) exhibited the same pattern (electronic supplementary material, figure S6 ). These results were similar when Fisher's a was used.
(e) Effects of experimental defaunation on dominant and rare tree species
The increase in abundance of relatively common species was greater in TE than in PE and C plots (slope of TE plots was significantly greater than that observed in PE plots, t 27 ¼ 22.4, p ¼ 0.023 and in C plots, t 27 ¼ 22.1, p ¼ 0.047, and also marginally greater than 1, t 27 ¼ 1.9, p ¼ 0.062; figure 4 ). We did not observe changes in the frequency of dominant or rare species but the number of species that recruited exclusively during the course of the study was higher in C plots (10) than in PE (3) or TE plots (4).
Discussion
Our findings show that activity of mammalian herbivores has a clear impact on the patterns of seedling/sapling survival and recruitment, which translates into changes in plant density, species richness and diversity in the understorey plant community. Evidence was particularly strong when all mammals were excluded, indicating the importance of different groups of herbivores in maintaining plant diversity in the understorey. Indeed, our results show that in TE plots, density increased by 61% and diversity (controlling for plant density) decreased by 22%. We observed a variation in the effects of treatments on seedling survival and recruitment over the course of the experiment. In the 2010-2011 period, survival in PE and TE plots was similar but greater than in the observed in C plots, suggesting that medium/large mammals were the main animals responsible for killing seedlings and saplings by consuming them or as a consequence of trampling. In the 2011-2013 period, only survival in PE plots was significantly higher than in C plots. However, when V. lundellii seedlings were excluded in this analysis, we found that differences among treatments were in the same direction as those observed in the 2010-2011 period (i.e. higher survival in PE and TE plots than in C plots), although they were not significant (see the electronic supplementary material, figure S4 ). An explanation for this lack of significance might be related to a reduction in medium/large mammalian herbivore abundance during the 2011-2013 period. This is supported by the camera-trapping data, which indicates that capture frequency (picture records/100 camera-trapping days) of species such as paca, collared peccary and white-lipped peccary decreased in that period by 29%, 39% and 100%, respectively, when compared with data from a study conducted 1 year before [33, 34] .
Effects of treatments on seedling recruitment also varied among periods. In 2008-2010, seedling recruitment was higher only when medium/large mammals were absent. However, in the period 2010-2011, only TE plots underwent rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20142580 increased seedling recruitment. In the last period (2011-2013), results were similar (i.e. greater recruitment only in TE plots) but less contrasting. These results are consistent with evidence of small rodents representing an important source of mortality for seeds and young seedlings [35] [36] [37] . Again, as in the case of survival, changes in the magnitude of effect of the exclosures might be related to mammal fluctuations (in this case small rodents), a commonly documented feature of tropical forests [36, 38] . Observed effects at the plant population level (survival, recruitment and density) altered the structure and composition of seedling/sapling communities. When we rarefied species richness to control for contrasts in plant density among treatments, we detected that mammal absence negatively affected plant richness. By contrast, the impact of mammal exclosure on non-rarefied species richness was positive. These contrasting results might be related to the activity of canopy vertebrate seed dispersers. Arrival of seeds through primary dispersal was not interrupted in our exclosure treatments, something that probably helped the accumulation of plant species in excluded plots protected from the activity of herbivore mammals. However, in a more realistic defaunation scenario, primary seed dispersal is expected to also be affected by the absence of medium and large arboreal animals (e.g. primates, large birds, etc.), reducing the amplitude of seed rain shadows and increasing the abundance of locally produced seeds [39, 40] . Therefore, real defaunation effects are probably more similar to the effects we observed when rarefied species richness is used.
We observed high variability in the interspecific response to exclosure treatments. However, as we expected, relatively common species (e.g. B. alicastrum and A. hottlei) had greater increases in abundance than expected given their initial abundance in TE compared with PE and C plots. This result explains in part the decrease in rarefied species diversity observed when all terrestrial mammals are excluded. On the other hand, a set of species with low to intermediate abundances at the onset of the experiment showed a slight to marked increase in both types of exclosures, especially in TE plots. The rank-abundance curve for TE plots in 2013 demonstrates the rise of species such as Virola koschnyi, Inga pavoniana, Inga punctata and Castilla elastica (see the electronic supplementary material, figure S2 ). Finally, we did not find any pattern in relation to the frequency of rare species per treatment, however we detected more exclusive species in C plots than in exclosure plots. Differential response of plant species to defaunation is probably associated with contrasts in life-history traits, including reproductive rates, plant longevity and growth rate. Therefore, these results highlight the need to consider the multiplicity of traits and mechanisms underlying plant responses to defaunation, instead of an approach focused on single traits (e.g. seed size).
Animal surveys conducted during this experiment show that our study site supports a diverse mammalian community (electronic supplementary material, table S1). However, rodents in the genus Proechimys, which play an important role as seed predators in other neotropical forest [41, 42] , were absent because they are not naturally distributed in Mexico. On the other hand, an ongoing study documenting animal visits to fruiting trees using camera-traps, has found that medium/large body-sized mammals such as tapirs, peccaries and pacas are among the most active in the MABR understorey (A.A.C-S. 2014, unpublished data; electronic supplementary material, figure S3 ). Therefore, it seems safe to assume our study site is representative of a Neotropical forest with a healthy mammalian community and that seeds and seedlings/saplings in our control plots were exposed to the potential effects of consumption and trampling of these animals. Moreover, the diversity and level of conservation of the mammalian fauna in our study site, particularly large-bodied species such as tapirs and peccaries (white-lipped and collared), contrasts with that reported in other studies in which a similar approach has been undertaken to assess the impacts of defaunation. Those studies, performed in Australia [22] and Brazil [26] , found weak or non-existent, respectively, impacts of experimental exclosure of ground-dwelling mammals on seedling diversity but those sites can be regarded as comparatively depauperated or subjected to a long-term defaunation history.
The extent to which the impacts of defaunation we observed in the seedling/sapling community would translate into changes in the composition of mature tree communities remains an open question. Over the long-term, we can expect defaunated forests to undergo reduced diversity if the species that experience an ecological release in the absence of mammal herbivores and granivores become dominant at the understorey. A recent study in Lambir, Borneo, provides some insights into this issue: a large-scale census of a 52 ha plot found that historic vertebrate defaunation correlated with low plant species diversity at the sapling level [43] . Such long-term correlative studies, coupled with experimental manipulations like the ones reported here, support the hitherto largely anecdotal contention that mammalian defaunation has the potential to impact the structure and diversity of understorey plant communities. Also, these studies underscore the urgency of protecting the few forests still retaining a healthy vertebrate community.
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